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A Broad- Angle Multilayer Mirror Design 
FIELD OF THE INVENTION 

[0001] The present invention relates to high numerical aperture (NA) 

extreme ultra-violet (EUV) lithographic optics; more particularly, the present 
invention relates to a multilayer (ML) mirror for broad acceptance angles at EUV 
wavelengths. 

BACKGROUND 

[0002] Extreme Ultraviolet (EUV) lithography is a lithography technique 

that targets very small feature sizes (e.g., 32nm node and below). EUV light may 
be produced using a small, hot plasma that will efficiently radiate at a desired 
wavelength (e.g., in a range of approximately 11 run to 15 nm). Due to such 
short wavelengths, the use of refractive optics in the system is ineffective. Thus, 
reflective mirrors are to be implemented for the optics. To promote the 
reflectivity at EUV wavelengths, multilayer (ML) coatings, featuring alternating 
layers of molybdenum and silicon (Mo/ Si) or molybdenum and beryllium 
(Mo/ Be), are used. 

[0003] ML mirrors typically used in current EUV optical systems have a 

constant thickness Mo/Si (e.g., similar to a Bragg's reflector). The ML includes 
40-80 bi-layers of the Mo/Si pair to enhance EUV reflections. Further, the bi- 
layer has a constant period of 6.9nm with approximately 2.8nm of Mo and 
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approximately 4.1nm of Si. However, a problem exists for this type of ML mirror 
in that it has approximately 12° of the maximum acceptance angle. At this 
maximum angle, an approximate 16% reflectivity loss occurs with approximately 
20° of phase shifts. 

[0004] Such a small acceptance angle often imposes a significant limitation 

in designing high numerical aperture (NA) EUV optical systems. This limitation 
requires optical designers to use multiple mirrors with high asphericity. For a 
typical six-mirror system (with a NA higher than 0.25), it is possible to have 
pupil apodizations with large phase shifts (adding out-of-plane distortion (OPD) 
in the system) due to the acceptance angle limitations of the current ML mirrors. 
Thus, for high NA optics, more number of mirrors have to be used. Also, graded 
ML mirrors are sometimes employed for azimuthally symmetric optical element 
in the system. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] The present invention will be understood more fully from the 

detailed description given below and from the accompanying drawings of 
various embodiments of the invention. The drawings, however, should not be 
taken to limit the invention to the specific embodiments, but are for explanation 
and understanding only. 

[0006] Figure 1 illustrates a projection lithography optical system; 

[0007] Figure 2A is a graph illustrating one embodiment of reflectivity as 

a function of incident angle; 

[0008] Figure 2B is a graph illustrating one embodiment of reflectivity 

versus wavelength; 

[0009] Figure 2C is a graph illustrating one embodiment of phase shifts 

upon reflection of a ML mirror; 

[0010] Figure 3 illustrates one embodiment of pupil apodization for an 

EUV optical system; 

[001 1] Figure 4 is a graph illustrating one embodiment of a reflectivity 

curve for a ML mirror; 

[0012] Figure 5 is a graph illustrating one embodiment of a phase shift 

versus incident angle for a ML mirror; and 

[0013] Figure 6 is a graph illustrating one embodiment of a reflectivity 
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wavelength for a ML mirror. 
DETAILED DESCRIPTION 

[0014] A broad-angle multilayer (ML) mirror design for high numerical 

aperture (NA) extreme ultra-violet (EUV) lithographic optics is described. 
Reference in the specification to "one embodiment" or "an embodiment" means 
that a particular feature, structure, or characteristic described in connection with 
the embodiment is included in at least one embodiment of the invention. The 
appearances of the phrase "in one embodiment" in various places in the 
specification are not necessarily all referring to the same embodiment. 
[0015] In the following description, numerous details are set forth. It will 

be apparent, however, to one skilled in the art, that the present invention may be 
practiced without these specific details. In other instances, well-known 
structures and devices are shown in block diagram form, rather than in detail, in 
order to avoid obscuring the present invention. 

[0016] Figure 1 illustrates an exemplary projection lithography optical 

system. The system includes a wafer, a mask and mirrors Ml - M6. The system 
implements the typical EUV lithographic mirrors discussed above, having 
approximately 40 bi-layers of Mo/Si pair and a NA of .25. The period of the ML 
structure is 6.9nm, with 4.1nm of a Si layer and 2.8nm of a Mo layer. 
[0017] Figures 2 A - 2C illustrate reflectivity as a function of incident 
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angle, reflectivity as a function of wavelength, and phase shifts of the reflected 
light, respectively, for conventional 40 bi-layers Mo/Si ML mirrors. As shown 
in Figure 2A, typical ML structures have a finite range of angles that EUV light 
can be reflected off. Thus, the maximum angle one mirror can take with the 
current ML structure is approximately 12°. When the incident angle of a mirror 
is larger than 12°, reflectivity drops significantly and phase shift increases 
rapidly. This can result in pupil apodization and wavefront errors. 
[0018] Also, the phase shifts of the reflected light gets larger than 20° 

when the incident angle is larger than 12° as shown in Figure 2C Such a phase 
shift at the large incident angles results in a large optical path length difference 
(OPD). Further, Figure 2B shows the bandwidth of a 40 bi-layers ML mirror. 
[0019] Referring back to Figure 1, the optical system mask and mirrors 

include the following incidence angles: mask = 4.3°; Ml = 7.9° M2 = 11.5°; M3 = 
147°; M4 = 3.2°; M5 = 9.2°, M6 = 3.3°. 

[0020] The largest incident angle happens at M3 with 14.7°. At M3 alone, 

the reflectivity drops by approximately 50% of the peak reflectivity and phase 
shifts by approximately 20° at the edge of its pupil according to Figures 2A - 2C. 
Also, if there is an attempt to increase NA to 0.35 with the 0.25NA design, the 
pupil will be apodized as shown in Figure 3. 

[0021] Figure 3 A shows pupil apodization for the EUV optical system 
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with the current ML structure for the 0.25NA case, while Figure 3B shows the 
0.35 NA occurrence for the same design. Due to the incident angle limitation, 
more apodization is observed for the higher NA pupil. At the same time, due to 
the large phase shifts, large wavefront aberrations can result. 
[0022] According to one embodiment, a broad-angle ML mirror is 

disclosed, which expands the acceptance angle beyond 20° without losing a large 
amount of reflectivity (less pupil apodization) and increases phase shift (lower 
wavefront errors) as compared to the conventional ML mirrors. In one 
embodiment, a broad-angle ML mirror is achieved by optimizing each layer in 
the multilayer structure to provide uniform reflectivity over the wider range of 
angles with little phase shifts. One embodiment of such a multilayer design is 
shown in Table 1. 

[0023] Table 1 shows the material and thickness of each of the 72 layers 

(or 36 bi-layers) comprising a broad-angle ML mirror. According to one 
embodiment, the thickness of all 72 layers (or 36 bi-layers) is met to achieve the 
broad-angle ML mirror optimized at a 13.5nm central wavelength. 
[0024] Figure 4 illustrates the reflectivity curve of the broad angle ML 

mirror. Note that the thin line is the reflectivity plot for the typical ML mirror 
(e.g., identical to Figure 1 A), and the thick line is the reflectivity plot for the 
broad-angle ML mirror. Figure 4 shows that the reflectivity does not drop 
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significantly until the incident angle is large than 20°. It is also noted that the 
peak reflectivity of the broad-angle ML mirror is less than the current mirror. 
[0025] However, if the broad angle mirror is replacing only one of 6 

mirrors in the system, the overall throughput loss is fairly small. Figure 5 shows 
the phase shifts as a function of incident angle for the broad-angle ML mirror. 
Notice that less than 20° phase shifts occur at approximately the 20° incident 
angle. The reflectivity as a function of wavelength for the broad-angle ML 
mirror is also shown in Figure 6. 
Table 1 


Bi-iayer#* 

Material •. 

' Thickness [nm] * 

f , Hvv Material ->"-,-. 

Thickness [nm] < 

0 

Substrate Si 

10.48 



1 

Mo 

11.29 

Si 

3.49 

2 

Mo 

3.74 

Si 

3.5 

3 

Mo 

3.73 

Si 

10.44 

4 

Mo 

3.69 

Si 

3.48 

5 

Mo 

3.56 

Si 

7.64 

6 

Mo 

3.46 

Si 

3.5 

7 

Mo 

3.63 

Si 

3.57 

8 

Mo 

3.62 

Si 

3.6 

9 

Mo 

3.62 

Si 

3.63 

10 

Mo 

3.6 

Si 

3.66 

11 

Mo 

3.56 

Si 

3.69 

12 

Mo 

3.52 

Si 

3.74 

13 

Mo 

3.44 

Si 

3.83 

14 

Mo 

3.26 

Si 

4.06 

15 

Mo 

2.41 

Si 

8.33 

16 

Mo 

3.07 

Si 

3.85 

17 

Mo 

3.42 

Si 

3.75 

18 

Mo 

3.5 

Si 

3.72 

19 

Mo 

3.53 

Si 

3.71 

20 

Mo 

3.53 

Si 

3.72 

21 

Mo 

3.53 

Si 

3.72 

22 

Mo 

3.52 

Si 

3.73 

23 

Mo 

3.51 

Si 

3.74 

24 

Mo 

3.49 

Si 

3.75 

25 

Mo 

3.48 

Si 

3.76 

! 26 

Mo 

3.46 

Si 

3.78 

27 

Mo 

3.44 

Si 

3.79 

28 

Mo 

3.41 

Si 

3.81 

29 

Mo 

3.38 

Si 

3.83 

30 

Mo 

3.35 

Si 

3.86 

31 

Mo 

3.31 

Si 

3.89 

32 

Mo 

3.26 

Si 

3.92 

33 

Mo 

3.19 

Si 

3.97 

34 

Mo 

3.11 

Si 

4.03 

DockS No. ft 

2390.P1902tf° 

3 

Si 

4.1 

36 
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[0026] Based on the characteristics of the broad-angle ML mirror, pupil 

apodizations and phase shifts at the extreme angles will be reduced if mirror M3 
shown in the system of Figure 1 were replaced with the broad-angle ML mirror 
described in Table 1. 

[0027] Moreover, the broad-angle mirror enables a design to be extended 

to higher N A optics with the same number of mirrors. Thus, in a lithography 
perspective, the broad-angle ML mirror is very attractive due to the high NA 
optics with the same amount of flare and low aberrations. 
[0028] The above-described invention broad-angle ML mirror, which 

provides a EUV mirror with a special ML structure. The maximum acceptance 
angle of the broad-angle ML mirror can be increased to approximately 20° by 
optimizing individual layer (Mo and Si layers) thickness for a 72-layer (or 36 bi- 
layers) structure. At this maximum angle, approximately 17% reflectivity loss 
with approximately 20° phase shifts occurs. The broad-angle mirror can be very 
useful in high NA EUV optical designs. By using the broad-angle ML mirror, 
pupil apodization may be reduced for the same N A optics, and higher N A 
optical designs can be achieved while keeping the same number of optical 
elements in the system. 

[0029] Whereas many alterations and modifications of the present 
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invention will no doubt become apparent to a person of ordinary skill in the art 
after having read the foregoing description, it is to be understood that any 
particular embodiment shown and described by way of illustration is in no way 
intended to be considered limiting. Therefore, references to details of various 
embodiments are not intended to limit the scope of the claims which in 
themselves recite only those features regarded as the invention. 
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